Abstract. Environmental and societal factors such as air quality, water quality and availability, land use changes and expanding urbanization are already affecting human health and welfare, agriculture, and natural ecosystems in the Midwestern United States. Over this century, these existing stresses will likely be exacerbated by climate changes resulting from human activities. It is essential that policy decisions aimed at preserving the well-being of a region be informed by a good understanding of the region's climate, how climate might change, and the uncertainties inherent in future projections. Recent updates in climate modeling expertise and an expanded view of possible non-intervention emission scenarios have narrowed the range of change that can be expected over the Midwest throughout the next century in some ways, while broadening it in others. In contrast to previous studies, which generally consider a mid-range scenario for future emissions, this study presents the range of change that would result from low to high scenarios for climate change. In this way we account for uncertainties in anthropogenic forcing on climate change in the region and quantify the potential effects of human actions on future climate. This analysis also combines the latest climate model projections with historical records of observed climate over the past century, effectively placing potential changes in extreme event frequencies such as heavy rainfall events and temperature threshold exceedances within the context of observed variability over the past century. The purpose of this study is to provide an updated picture of the potential impacts of climate change on the Midwest to inform the impact assessment and policy development community. From the magnitude of the changes projected by this study, it is clear that these must be included in future policy decisions in order to ensure the successful adaptation and survival of existing human and natural systems in the Midwest.
Introduction
The Midwest is located in the heart of North America. With large urban centers such as Chicago, Cleveland, Detroit and Indianapolis, the eight states 1 that make up this region are home to almost 60 million people (USCB 2003) . Throughout the Midwest and much of the developed world, emissions of carbon dioxide, other greenhouse gases (GHGs), aerosols and their precursor species are increasing steadily. Much of this increase is attributed to intensified human activity in agriculture, industry and energy. These sectors are traditional strongholds of the Midwestern economy, which currently produces over 25% of the total value of U.S. manufactured and agricultural products (USDA 2000; USCB 1999) . Led by Illinois, the majority of the states lie in the top 20 in terms of industrial, commercial and residential energy use. Electricity production in these states is heavily dependent on burning coal, which produces the highest amount of carbon per unit energy. In 2002, the Midwest was responsible for emissions of over 400 MTCE, more than 90% of which were due to fossil fuel use (USEPA 2003) .
Increasing GHG emissions are seriously perturbing the radiative forcing the atmosphere, causing global levels of atmospheric carbon dioxide and other greenhouse gases to build up at an unprecedented rate (Ehhalt et al. 2001; Prentice et al. 2001 ). This build-up enhances the Earth's natural greenhouse effect, and is projected to lead to significant increases in the radiative forcing of the climate system and corresponding increases in global and regional temperatures over the next century (Ramaswamy 2001) . The beginning of this increase may already be observed; according to the instrumental temperature record of global mean annual temperature, the 1990s was the warmest decade on record, while 1998 was the warmest year since 1861, the beginning of the instrumental record used by the IPCC (Folland et al. 2001) . 1998 was also one of the warmest years on record throughout much of the Midwest (NCDC 2003) .
As we enter a new century, the Midwest already faces concerns over water quality and availability, pollution, ecosystem health, expanding urbanization, and a number of other issues. Exacerbating these concerns is the possibility of longterm changes in climate that carry the potential for widespread impacts on natural resources, ecological systems, human health, infrastructure and the economy. To successfully address these concerns, regional policy development and planning focused on mitigation and adaptation to existing stresses must include the uncertainties introduced by future climate change. In order to inform such decisions, this analysis specifically focuses on constraining the range of potential changes in regional climate that impact the Midwest area in three key ways: agriculture and water resources; ecosystems; and human health and welfare.
Data Sources and Methods

HISTORICAL DATA
Historical data were obtained from the database maintained by the Midwestern Regional Climate Center at the Illinois State Water Survey (Kunkel et al. 1998 (Kunkel et al. , 1990 . This data includes daily observations of maximum and minimum temperature (in degrees Fahrenheit) and daily precipitation (in units of millimeters per day) from over 300 stations dating back over a century. These long-term records offer the best view of what climate has been like and how it has already changed. Studies using observed station data in the Midwest have already shown how the length of the frost-free season has increased by as much as two weeks since the beginning of the century, mainly due to earlier dates for the last spring freeze (Kling et al. 2003) . These studies have also identified an increase in heavy rainfall events such that these are now twice as frequent as during the early part of the century (Kunkel et al. 1999 ).
EMISSION SCENARIOS
Forecasts of changes in future climate due to emissions from human activities begin with emission scenarios that represent plausible future conditions under a consistent set of assumptions. The IS92 scenarios (Leggett et al. 1992 ) have been used in most previous assessments of national and regional climate change. However, these scenarios contain a number of inconsistencies and assumptions that are considered limited in the face of current uncertainty as to how the world will develop over the next century 2 . The more recent SRES scenarios (Special Report on Emission Scenarios, IPCC 2000) have become the standard for climate analyses and have been adopted for the climate analysis presented here. It is important to note that these scenarios represent the possible range for business-as-usual with no specific intervention to reduce emissions in order to slow down or prevent climate change. This analysis considers one scenario from each of the four SRES storylines -A1, A2, B2 and B1 -that describe divergent futures spanning a significant portion of the underlying uncertainties in the main forces driving emissions.
The A1FI scenario is a fossil-intensive scenario lying at the highest end of the range of human-related GHG emissions throughout the next century. In this scenario, a rapid rate of temperature change is driven by a continued dependence on fossil fuels and rapid economic growth throughout the next century. The A2 and B2 scenarios span the middle range of projections and bracket the IS92a scenario on which a number of earlier impact assessments are based. At the upper midrange, A2 represents a very heterogeneous world where economic development is regionally-oriented and economic growth & technological change are relatively slow. By the end of the century, A2 emissions exceed those of the A1FI 'high' scenario. In the lower mid-range, the emphasis in the B2 scenario is on local solutions to economic, social, and environmental sustainability with less rapid and more diverse technological change. Finally, the B1 scenario, which has the lowest emissions by the end of the century, focuses on global solutions to economic, social and environmental sustainability. Clean, efficient technology is introduced but no specific climate initiatives are taken.
CLIMATE MODEL PROJECTIONS
The primary source of future climate projections is general circulation models (GCMs) that incorporate the latest understanding of the physical processes at work in the atmosphere, oceans, and the Earth's surface. Models are constantly being enhanced as our understanding of climate improves and as computational power increases, enabling additional components of the Earth-ocean-atmosphere system to be dynamically linked. Impact studies to date, including the U.S. National Assessment (NAST 2001) , have all used the previous generation of flux-corrected GCMs based on either a CO 2 doubling scenario or the IS92a scenario. With the exception of Kling et al. (2003) , this is the first application of SRES projections specifically to the Midwest, based on models that do not include flux adjustments.
The actual impacts of climate change are often critically dependent on localized features of climate that may not be represented adequately when averaged on the coarse resolution of a typical GCM grid. For example, the enhanced snowfall and moderated temperatures that occur near the shores of the Great Lakes are not well represented characterized at the grid resolution of global models. Ideally, higher-resolution dynamically downscaled GCM projections should be used for detailed impact studies. However, regional climate modeling requires a significant investment of time, computing, and data storage resources, and SRES-based RCM projections are not yet available for the U.S. In presenting the large-scale patterns of change derived from the latest SRES-based GCM projections and comparing these with previous assessments (Tables II and III) , we provide the means for reevaluation of past assessments in light of our evolving understanding of future change.
This analysis of future climate possibilities for the Midwest is primarily based on projections for the SRES scenarios A1FI, A2, B2 and B1 from the HadCM3 model, developed at U.K. Meteorological Office's Hadley Centre for Climate Modelling (Gordon et al. 2000; Pope et al. 2000) . HadCM3 falls in the middle of the range of climate model sensitivities, with a temperature increase of 3.0
• C for a doubling of atmospheric CO 2 concentrations. In addition, HadCM3 is the only model which has daily temperature and precipitation data available for all four scenarios, as required for analyses of temperature extremes, frost-free season, heavy rainfall events, etc. We also incorporate monthly temperature and precipitation projections corresponding to the SRES A2 and B2 scenarios from the Parallel Climate Model (PCM), a low-sensitivity model ( T = 1.5
• C for 2×CO 2 ) developed at the U.S. National Center for Atmospheric Research (Washington et al. 2000) . A1FI and B1 projections for the PCM model are in progress but were not available for inclusion in this study (Meehl, Washington, pers. comm.) . We first compare A2 and B2 temperature and precipitation projections from the two models with previous IS92a-based projections (NAST 2001) to assess the expected 'midrange' change for the Midwest over the next century. Within the established context of a mid-range change, we then explore potential changes in temperature, precipitation, and other climate-related variables resulting from HadCM3 A1FI (high) and B1 (low) scenario projections.
COMBINING HISTORICAL AND MODEL DATA
The historical record of climate over the Midwest was combined with GCM projections to place these within the context of regional climate over the last century. We recognize the significant uncertainties inherent to application of GCM data at a regional scale; however, when considered in combination with a detailed historical record, this analysis can provide additional insights regarding the possible range of future change in this region. A gridding program 3 that averages randomly-spaced geographic locations was used to convert the historical temperature and precipitation records into a uniform grid at the same resolution as model output. Following NAST (2001), we assumed that model biases relative to observed climate over the reference period 1961-1990 were primarily systematic. If due to model limitations, the same biases would be present in simulations of climate over the next century. Although this assumption is not entirely valid, taking the difference between model projections of future and current climate should remove the systematic component of this bias and reduce uncertainty to the level of other uncertainties introduced by differing model parameterizations. In addition, the impact of changes in land cover and local aerosol distributions, which are also important drivers of local and regional scale changes in climate, were not included as projections for these drivers were not available at the level of detail required for regional analyses.
Projected future change was calibrated to the historical record using 1961-1990 as a reference period. For temperature, the difference between projected future values and model-calculated 1961-1990 seasonal averages were added to the observed seasonal averages for the reference period. Future precipitation was calculated as the percentage change relative to the 1961-1990 seasonal average, allowing for changes in the frequency and intensity of weather systems over the region. Methodologies used to calculate changes in other climate characteristics, such as heavy precipitation events, are discussed in section 4. • C to +2
• C (Table I) , with both PCM and HadCM3 tending to underestimate temperatures towards the western part of the region in summer. In the winter, HadCM3 has a warm bias over the Great Lakes region which may be a result of over-estimating the moderating effect of the lakes due to the coarse model resolution, and a cool bias elsewhere. In contrast, PCM tends to overestimate winter temperatures over the northwestern part of the region, but also exhibits a cool bias elsewhere. In terms of precipitation, both models tend to over-estimate precipitation across much of the region by an average of 20-40% relative to observed seasonal averages for . In particular, HadCM3 over-estimates winter precipitation over the western (and drier) part of the region by up to 100%. Although these biases are non-trivial, it must be noted that the model calculations on which they were based do not include changes in stratospheric and tropospheric ozone, volcanic activity, or solar radiation over the reference period so some differences are to be expected. As discussed in NAST (2001) , these GCM calculations have not been designed to exactly reproduce the climate of the 20th century, but rather to simulate the feedback mechanisms essential to calculating changes in future climate. For this reason, the presence of biases need not significantly impair their ability to project relative (rather than absolute) change.
Model results for the mid-range A2 and B2 scenarios are in fair agreement regarding the seasonal distribution of temperature change. By 2090-2099, the HadCM3 model predicts slightly lower changes in winter temperatures than PCM, perhaps related to its greater tendency to under-estimate winter temperatures (Table II) . However, HadCM3 temperature change projections are approximately 1-3
• C higher for all seasons, as would be expected from a higher-sensitivity model (Table II) . HadCM3 and PCM projections of precipitation changes over the Midwest by 2090-2099 are in good agreement, showing a net increase for winter and spring, and a net decrease for summer (Table III) . Autumn precipitation change is ambiguous, with HadCM3 suggesting increases up to 20% while PCM projects decreases down to -20%. In Tables II & III, HadCM3 and PCM A2/B2-based projections for 2090-2099 are compared with IS92a-based projections for the same region made by earlier flux-adjusted models (HadCM2 and CGCM1). SRES-based HadCM3 and PCM temperature change, despite being based on a broader range of emissions, tends to lie between the previous range projected by the HadCM2 (low) and CGCM1 (high) models. Both current and earlier models found similar increases in winter precipitation but -contrary to previous projections of increases in summer rainfall up to 80% -new projections suggest no increase and possibly a decrease in TABLE III Projected change in seasonal average maximum temperature and precipitation for the period 2070-2099 for the PCM and HadCM3 models compared to the range of projections for the SRES A2 and B2 scenarios obtained by seven GCMs (CCSRNIES, CGCM2, CSIRO, ECHAM4, GFDL, HadCM3 and PCM), as given in Ruosteenoja et al. (2003) . Values given for PCM and HadCM3 will differ from those in Table 2 since these changes are for a larger region ('central North America', extending from 30 • N to 50 • N and 85 • W to 105 • W) and a longer time period (2070-2099 vs. 2090-2099) .
Winter (DJF) 2-2.5 2.5-4 2-7.5 0 to +5 +6 to +7 -10 to +15 Spring (MAM) 2-2.5 2.5-4.5 2-7.5 +6 to +7 +6 to +9 +3 to +22 Summer (JJA) 2-3 5-7 2-7 +1 to +3 -10 to -17 -20 to +17 Autumn (SON) 2-2.5 4-5.5 2-5.5 +6 to +7 +7 to +10 -13 to +10
summer rainfall. These new findings need to be taken into account when assessing potential climate change impacts, as shifts in seasonal characteristics, annual cycles and geographical gradients of precipitation can strongly affect soil moisture, water availability, stream and lake levels across the Midwest. We also compare HadCM3 and PCM projections compared with all the A2/B2-based GCM calculations currently available, as summarized in Table IV . Values given in this table will differ from those presented in this study, as this table presents seasonal average results for a square region bounded by 30
• -50
• N and 85
• -105 • W as given by Ruosteenoja et al. (2003) , while this study focuses specifically on the Midwest states. The PCM model tends to project smaller changes in temperature, while HadCM3's projections lie in the mid to high end of the range. Together, these models capture the full range of temperature change in all seasons except winter, where some models project stronger changes in temperature than estimated here. In terms of precipitation, both PCM and HadCM3 tend to lie in the middle of the range, with none of the models projecting changes greater than ±20% over the region as a whole (Table IV) .
Observed and Projected Trends in Climate
At the global scale, the impact of increased GHG concentrations is often measured by changes in annual global average temperature. Using the SRES scenarios as input, current GCMs estimate global temperature to increase by 1.4
• C to 5.8
• C by 2100. Our uncertainty as to how the world and hence emission trajectories will change in the future accounts for 2.5
• C of that range, while 1.9
• C is due to differences between models (Albritton and Meira Filho 2001) . Regional changes have the potential to far exceed or fall below these values, as they respond to natural variability, topography, geography, and other local conditions. IPCC model compilations conclude that Central North America is likely to exhibit a greater-than-average warming in all four seasons over the next century (Albritton and Meira Filho 2001) . Our analysis begins by presenting an update to expected changes in Midwest climate over the next century, placing it within in the context of observed regional climate over the past century.
TEMPERATURE TRENDS
Climatic trends in the Midwest are characterized by high variability on time scales of one to several years relative to long-term trends. It is not uncommon for temperature on a winter's day to vary by as much as 17
• C from the long term or century-scale mean, and for a summer's day temperature to vary by 8
• C. For a given year, the seasonal temperature anomaly can vary by 4
• C from the long-term mean (Figure 1(a) ).
This high variability often makes it difficult to detect whether long-term trends are occurring. However, since the 1970s temperatures have ranged from near average to somewhat above average in comparison to earlier in the 20 th century, particularly in the winter months where two-thirds of the winters over the last 15 years have been above the long-term average (NCDC 2003; Figure 1(a) ). In the most recent four years, annual average temperatures have all been 1-2
• C above the long-term average, similar to other warm periods such as the early 1930s and early 1950s. Projected changes in climate based on HadCM3 and PCM projections have been determined relative to a baseline, here taken as climate averaged over the period . These results suggest that annual average daily maximum temperatures for the 'mid-range' A2/B2 scenarios could increase 3-6
• C over the Great Lakes area by the end of the next century, with changes varying by season (Table II) . When the HadCM3 A1FI (high) and B1 (low) scenarios are included, this range increases to 3-7
• C in winter and 4-11 • C in summer (Figure 1(a) ). Warming is expected to vary across the region (Figure 2(a) ). In winter, PCM projections for the A2 scenario averaged over 2070-2099 show a N/S gradient, with the greatest warming at higher latitudes, while HadCM3 shows a greater warming in the westward part of the region. In summer, both models show greatest change over the southern and western part of the region.
PRECIPITATION TRENDS
Inter-annual variations in precipitation range from -40% to 100% from the mean for a given year. On a seasonal basis, the variation is larger in winter, where precip- . Results are shown here for the SRES A2 (higher mid-range) scenario. Other scenarios (not shown) also give a similar distribution of change for each model. Smaller projected changes in temperature are shown in yellow while larger changes in temperatures range from orange to red. In contrast, yellow and orange shades indicate a projected decrease in future precipitation, while blue colors signify a projected increase, as shown in the color bars at the bottom of the plots. itation can range from -50% to +90% from the mean, whereas summer variations are smaller, at ±40% (Figure 1(b) ). Observed precipitation has generally been above average relative to the previous century since around 1970.
According to the latest model results, average winter precipitation across the region is likely to increase, while summer precipitation remains the same or decreases (Figure 1(b) ). Both PCM and HadCM3 project increases in winter average precipitation up to 30% by the end of the century (Table II) , with largest increases occurring over northern and western states. The geographical distribution of summer changes in temperature is ambiguous, with PCM projecting slight decreases in the north and similar increases in the south while HadCM3 projects decreases up to 30% across the region (Figure 2(b) ).
Lake effect snows are an important influence in the areas downwind of the Great Lakes. Although these may decrease in the future due to warmer winter air temperatures, Kunkel et al. (2002) found that the other five surface weather conditions were not likely to change significantly, suggesting the possibility of increases in lake effect rain events.
Impacts of Climate Change on the Midwest
Climate change has the potential to significantly affect agriculture, ecosystems, water resources and human health and welfare throughout the Midwest and Great Lakes regions. All of these areas are already under stress from pressures exerted by our expanding population, growing economy, and continuing urbanization. However, policies to address current concerns must also consider the potential impacts of climate change on each of these areas if they are to succeed in adapting to or mitigating the effects we are having on our environment.
AGRICULTURE
Agricultural production in the Midwest is critically dependent on weather. Rainfall, heat stress, pests, ozone levels, and extreme events such as heavy precipitation, flooding, or drought can seriously affect production, with risks often being higher for smaller farmers and different types of crops (Kling et al. 2003) . Previous studies (e.g., NAST 2001; Watson et al. 1998; McCarthy et al. 2001 ) have suggested that agriculture will largely benefit from the warmer climate and the fertilization effect of increased atmospheric CO 2 and that agriculture in the Midwest should largely be able to adapt to the changes in climate. However, these studies also found that while climate change is unlikely to seriously disrupt agriculture in the Midwest, its impacts will be seen through shifting locations for optimal crop production, changes in yield, and the northward movement of pests.
Longer growing seasons and increased production is likely to be a positive result of climate change. Crops sites in the northern states been found to have increased yields under climate change, while those in the southern states of the region may have decreased yields under climate change (Southworth et al. 2000) . Assessments for 2025 to 2034 suggest that fruit-growing areas in the Great Lakes region will experience a moderate increase in growing season length and seasonal heat accumulation and a decrease in the frequency of freezing temperatures (Winkler et al. 2002) . Changes in temperature and precipitation are expected to shift the most favorable weather conditions northward and eastward benefiting more of Michigan, Minnesota, Wisconsin, and eastern Ontario. However, thin and acidic soils in northern regions may counteract some of the benefits of this shift.
Analysis of historical data shows that the longest frost-free seasons have occurred in the 1990s (Figure 3) . Compared to the turn of the century, the frost-free seasons today are about one week longer than at the turn of the century, primarily due to earlier dates for the last spring freeze. HadCM3 A1FI and B1-based projections of daily minimum temperatures, calibrated to the 1961-1990 observed frost-free season, suggest that the length of the frost-free season will continue to increase by the end of the century by an additional 4-8 weeks relative to the 1961-1990 average (Figure 3) , as the date of last spring frost becomes earlier by as much as 15-35 days and the date of first autumn frost is pushed back up to 35 days. Longer frost-free seasons generally imply increased agricultural productivity and the possibility for multiple plantings; however, there are many additional factors that will determine the net effect of climate change on agriculture in the Midwest.
Possible decreases in summer rainfall during the critical summer growing periods as well as increased spring rainfall during planting suggested by the results of this study (Table II) will mean lower crop yields. A recent study by Reilly et al. (2003) found that increased losses in yield due to increases in ENSO (El Niño/Southern Oscillation) intensity and frequency could not be completely offset even if the events could be perfectly forecasted. Evapotranspiration in dryland corn is expected to increase in both future periods while water-use efficiency will decrease . Rainfed lands in the Cornbelt may not require additional irrigation, but there is some concern about increased water-logging during the spring and consequent required increased investment in agricultural drainage (Strzepek et al. 1999) . Soil moisture, a key variable for both agriculture and ecosystem welfare, is projected to increase by up to 80% during winter and spring, but decrease by up to 30% in summer and autumn (Table IV) . This favors crops that rely on water levels being recharged during the winter months; however, crops requiring certain thresholds of summer precipitation and soil moisture levels may come under significant stress.
Warmer temperatures could also mean more heat stroke cases in livestock as well as reducing their appetite and productivity. Livestock performance sensitivity to temperature changes show a decline in weight gain or milk production with higher temperatures (Adams et al. 1999) .
Increases in production due to shorter winters, warming temperatures, and longer growing seasons may be counteracted by invasions of pests currently restricted in their northern ranges by temperature (Simberloff 2000) . A number of studies (e.g., Mooney 1996) have predicted that increasing temperatures will lead to increasing winter pest survival and increasing numbers of generations per year, thus greatly increasing pest pressures.
Finally, CO 2 fertilization may increase crop yield and the water use efficiency, but could be offset by simultaneous increases in ozone levels, thus damaging plants. With future atmospheric CO 2 concentrations of 555 ppm (parts per million, by volume), wheat yields increased 60-100% above current yields across the central and northern areas of the Great Lakes Region by 2050-59 (Southworth et al. 2002b ). For the region as a whole, climate changes had an overall beneficial effect, with mean soybean yield increases of 30% over current levels (Southworth et al. 2002a ). The yield-enhancing effects of atmospheric CO 2 are an important determinant of potential economic consequences (Adams et al. 1995) .
ECOSYSTEMS
A number of areas in the Midwest are already under significant stress due to human activities and expansion throughout the region. With a large population and the emphasis on farming and other managed land uses throughout the Midwest, many of the natural ecosystems of the region are threatened both directly and indirectly. Although conversion of land from grassland or forest to agriculture or structural development results in direct habitat loss for plant and animal species, landscape fragmentation is a more subtle but equally worrisome problem. As habitats are fragmented and isolated into smaller and smaller refuges, between-site migration rates may decrease, leading to extinction in amphibians (Blaustein et al. 1994 ) and possibly other species.
Forest ecosystems are expected to experience a shift in composition, including animal species, and location in response to changes in temperature and precipitation patterns across the region. Ultimately, the impact of potential changes in drought or precipitation regimes will depend not only on the predicted scenario of change, but on the type of forest ecosystem and the climatic conditions to which it is currently adapted. Although early model predictions of climate change impacts suggested extensive forest dieback and species migration, more recent analysis suggest that catastrophic dieback will be a local phenomenon, and changes in forest composition will be a relatively gradual process (Hanson and Weltzin 2000) . If climate change occurs as rapidly as is predicted, then some species particularly those with heavy seeds may not be able to respond to the rapid changes and local extinctions are expected (Thompson et al. 1998) . Forest pests will also move northward with the shift in forest location due to warmer temperatures. The indirect effects of climate change on forests, mediated by alterations of disturbance regimes or the actions of pests and pathogens, may accelerate climate-induced change in forests (Loehle and LeBlanc 1996) .
CO 2 fertilization will help to spur plant growth, but -as with agricultural crops -this effect may also be offset by the damages due to increased ozone levels. Enhanced carbon fixation during non-stressed periods, driven by the fertilization effect of elevated CO 2 , may compensate for reduced availability of soil moisture (Hanson and Weltzin 2000) . However, changes in ambient levels of ozone and/or acidic deposition can alter basic processes of water, carbon, and nutrient allocation by trees (McLaughlin and Percy 1999) . Increased nitrogen levels in the atmosphere may also promote plant growth, but could potentially pollute water resources (Johnson et al. 2000) .
Central to ecosystem welfare are the potential impacts of climate change on water distribution and resources throughout the area. We have already seen how precipitation is projected to increase in the winter and spring months, but decrease in the summer (Table II; Figure 1 (b), 2(b)). As climate warms, evapotranspiration 4 -the process by which water is returned to the atmosphere -is projected to increase uniformly throughout the year, with the largest increases in winter and spring. However, the changing balance between precipitation and evapotranspiration is highly regionalized. Large areas where P-E changes are negative may occur over the Midwest during winter and summer, and over the Great Lakes during autumn.
Overall, precipitation, evaporation, surface runoff 5 and soil moisture are all projected to increase during winter and spring (Table IV) , suggesting positive impacts for ecosystems which rely on water levels being recharged during the winter months. During summer months, however, precipitation, sub-surface runoff and soil moisture are all project to drop. This indicates the possibility for significant stress on many different types of ecosystems, while some wetland ecosystems may dry up entirely during that time.
In lakes, the duration of winter ice will be shorter, affecting animal species survival and reproduction rates. Earlier ice melt due to warming temperatures will also change the normal stream flow and could possibly add to flooding from spring rainfall (Kling et al. 2003) . For those river basins such as Missouri where snow plays an important role in the current climate hydrology, increases in temperature will result in reduced spring snowmelt peaks and increased winter flows (Lettenmaier et al. 1999) . Indirect impacts of climate change on ecosystems throughout the Midwest and Great Lakes region include decreases in riverine runoff, less snowfall and snowpack accumulation, higher evapotranspiration, and a reduction in lake levels and connecting channel flows, affecting the quantity and quality of wetland and aquatic habitats and altering the frequency and timing of lake turnover, fish community composition and dynamics (Mortsch and Quinn 1996) .
Distribution of fish will change according to the temperature of water; warm water fish, including non-native species, will expand northward, while cold water fish will decrease (Kling et al. 2003) . Warmer temperatures will alter lake mixing regimes and availability of fish habitat (Meyer et al. 1999) , while annual stream temperatures in the Missouri River and Ohio River basins could increase by 2-5
• C (Mohseni et al. 1999) . Summer stratification in lakes will last longer under warmer conditions, resulting in deep oxygen-depleted areas in lakes where cold water fish will not be able to survive (Lehman 2002) . Conditions projected for 2090 in Lake Michigan showed the mean date of stratification beginning as early as 5 April and remaining for 225 days until 20 November. This decreased the estimated mean annual primary production 3% from the mean base value (Brooks and Zastrow 2002) .
WATER RESOURCES
As the impervious pavement-covered surfaces of major urban areas and their suburbs expand, covering soil, natural wetlands and floodplains, watershed dynamics are significantly modified. Surface runoff is disrupted 6 , affecting groundwater resources and increasing the potential for flooding (Paul and Meyer 2001) . Freshwater resources, drawn from deep aquifers underlying the region, have been plentiful in the past. However, water is currently being withdrawn from many of these at an unsustainable rate, including those surrounding Chicago (Jaffe 2001) . In an attempt to remedy this problem, some states have regulations on water resource use while other neighboring states, drawing from some of the same water resources, have none.
Climate change may affect our water resources by lowering lake levels, with their maximums earlier and lower than normal. Lower lake levels would lead to conflicts related to existing and proposed diversions (Changnon and Glantz 1996) , as well as increased shipping costs and possible reductions in hydropower (Kling et al. 2003; Cohen and Miller 2001) . Despite the recent drop in lake levels, no consistent trend towards lower water levels is evident over the last century. However, maximum lake levels for Lakes Erie and Ontario are rising, with the maximum occurring almost a month earlier than the beginning of the lake level record, 140 years ago (Lenters 2001) . Previous hydrological modeling of the potential impact of climate change on future water levels has generally indicated either little change (consistent with what has been observed over the last century) or a decrease in lake levels (Cohen and Miller, 2001; NAST 2001 ). The latest model projections (Figure 1(b) , 2(b)) indicate that annual precipitation over the Midwest may not change significantly. However, evaporation is expected to increase throughout the region due to warmer temperatures (Table IV) . During the winter, warmer temperatures decrease the extent and length of ice cover on the lakes. Less ice means more open water and therefore a greater area over which water can evaporate into the atmosphere. Throughout the year, warmer temperatures also increase evaporation rates as the saturation vapor pressure of air increases with temperature. Detailed hydrological model projections for the Great Lakes basin based on the SRES scenarios are not yet available; however, these are currently being run at the Great Lakes Research Laboratory and are expected to become available within the next year (Croley, pers. comm.) . In the meantime, projected changes in precipitation, evaporation, and other hydrological variables from SRES-based HadCM3 and PCM calculations appear to support previous findings of drops in lake levels under future change.
Stream & wetland water levels may also drop, affecting water quality as well as groundwater levels. Together, the coupled effects of decreases in runoff and increases in irrigation could devastate the streams of Illinois and other Midwestern states (Eheart and Tornil 1999) . Flooding of rivers from intense storms, encouraging erosion and additional pollution of lakes and wetlands, may be more frequent due to urbanization and drier soils. Changing climate together with changing land use could increase the percentage of precipitation that results in surface runoff by 4%, with 2.5% being due to climate and 1.5% due to land use change (Barlage et al. 2002) .
IMPACTS ON HUMAN HEALTH AND WELFARE
The impacts of climate and weather on human health and welfare is a growing concern, through both weather-related damages and deaths from extreme events and interactions between heat, air pollution, water quality, and health. It is likely that climate change will exacerbate many of these concerns, changing the frequency of heat waves and heavy rainfall events, improving conditions for the spread of vectorborne diseases, and increasing formation rates of air pollutants in urban areas. On the other hand, climate change may also decrease the duration and intensity of cold spells, alleviating associated illnesses, deaths, and damages.
Among the potentially dangerous risks that climate change will pose on human health include the interactions of temperature, air pollution and human mortality. Air pollution is thought to increase the susceptibility of weaker members of the population, particularly those with respiratory diseases (Bernard et al. 2001) , to extreme heat events such as the 1995 heat wave in Chicago that claimed over 700 lives (Changnon et al. 1996) . In the future, model studies suggest that southwesterly air flow over the region, which correlates with high ozone levels at the present time, may become more frequent and lead to decreased air quality and a possible increase in the reported incidence of respiratory disease .
If average temperatures are expected to increase in the future, it is likely that extreme temperatures will also change. From 1960 , DeGaetano and Allen (2002 found significant increases in warm temperature exceedances at nearly onethird of the stations examined. Analogous trends were found for cold temperature extremes during the same period. In the future, it is likely that there will be an increase in high temperatures and a decrease in extreme low temperatures (e.g., Easterling et al. 2000; Meehl et al. 2000a, b) . Heat related illnesses, such as heat stroke, would become more common in the summer months, while the number of cold induced illnesses will decline (Martens 1998 ). However, a strong association of the temperature-mortality relation with latitude has been identified by Curriero et al. (2002) , with a greater effect of colder temperatures on mortality risk in more southern cities and warmer temperatures in more northern cities such as those in the Midwest. Models of weather-mortality relationships indicate that populations in northeastern and Midwestern U.S. cities are likely to experience the greatest number of illnesses and deaths in response to changes in summer temperature (McGeehin and Mirabelli 2001) . A tentative climatic comparison also suggests that heat waves are becoming more frequent in the Midwestern and eastern parts of the nation (Robinson 2001) , although Karl and Knight (1997) found no statistically significant trend in Midwestern heat waves from 1948-1995. Based on an analysis of historical data over the past century from over 300 stations throughout the Midwest, the high frequency of extreme heat occurring in the 1930s has no comparable multi-year period occurring elsewhere in the time series, although 1988 was characterized by very frequent heat waves, including one in Chicago that was directly or indirectly responsible for over 200 deaths (Figure 1(a) ). Over the last 100 years, average daily maximum temperatures over the Midwest exceeded 32
• C anywhere from 5 to 25 times per year. However, temperatures rarely exceeded the 36
• C threshold except during the 1930s and 1990s, with a maximum exceedance of 8 times in 1999. In the future, similar conditions to those experienced in the 1990s are projected to hold through the next several decades. However, beginning around 2030, HadCM3 projections based on both the SRES A1FI and B1 scenarios suggest that the number of threshold exceedances may rise sharply. By the end of the century, temperatures are projected to exceed 32
• C anywhere from 20 to 50 times per year, with a corresponding increase in the frequency of multi-day heat waves. This implies significant increases in heat-related illnesses and mortality rates.
Cold temperatures in the Midwest are also related to human health issues. In terms of historical patterns, cold waves occurred frequently throughout the early part of the 20 th century as well as during the late 1970s and early 1980s. In the 1990s, however, most years saw a below-average number of cold waves. The number of days below 0
• C has been decreasing steadily since the mid 1980s from their long-term average of 145 days per year. By the end of the century, there may only be an average of 75 to 110 days that reach below 0
• C, while less than 10 days per year may fall below -15
• C. This suggests a significant reduction in coldrelated illnesses, deaths and damages. However, such a change in climate would likely have an adverse impact on winter kill-off of pests affecting agriculture and ecosystems, and could lead to increased health-related concerns if populations of mosquitoes and other disease carriers grow. Whether major health risks due to malaria or other diseases could result from such pests is still unclear and requires additional study.
Survival and greater reproduction of disease vectors such as ticks and mosquitoes will be more likely with increases in temperatures and longer periods of sustained or heavy rainfall, while drier periods and/or land use changes that drain wetlands and reduce other vector habitats could reduce favorable breeding locations. Specific increases in incidence have been noted for vector-borne diseases, in addition to pulmonary findings, cardiovascular morbidity, neurological diseases, and occupational diseases (Yoganathan 2001) . The extreme weather conditions accompanying long-term climate change may also be contributing to the spread of West Nile virus in the United States (Epstein 2001) . Current evidence suggests that inter-annual and inter-decadal climate variability have a direct influence on the epidemiology of vector-borne diseases (Githeko et al. 2000) .
Financial losses associated with extreme events such as tornadoes, hurricanes, storms and floods are often associated with weather. In terms of past trends in losses, in reviewing damages from a number of extremes including flooding, hail, hurricanes, tornadoes, and severe thunderstorms, Chagnon (2003) found that flooding was the only extreme to exhibit a net upward trend in adjusted losses from . Other studies have shown that growth in total weather-related damages over the past few decades is related to both increases in heavy precipitation events and societal factors, including population growth and increases in per capita wealth (Pielke and Downton 2000) . Chagnon and Chagnon (1998) further divided these factors by concluding that trends in losses under $100 were primarily related to population growth, while losses over $100 were related to both population and changing weather conditions. In terms of future change, Choi and Fisher (2003) found that a 1% increase in annual precipitation could enlarge catastrophe loss by as much as 2.8%, with losses increasing primarily due to inflation, population growth and per capita increase in wealth.
A number of studies have documented increases in heavy precipitation across the U.S., with significant increases since the 1920s in the Midwest (Kunkel 2003b; Angel and Huff 1997) that are likely due to spatial & temporal variations in sea surface temperatures (Kunkel 2003a) . Figure 4 shows a significant increase in frequency of 24-hr and 7-day heavy rainfall events over the past century. In particular, frequencies of 24-hr events have almost doubled since the early 1900s, although it must be noted 1980s/1990s are actually very similar to late 1800s (Kunkel 2003b) . It is likely that these increases in heavy rainfall events have contributed to increases in total damage from precipitation and floods from 1932-1997 observed by Pielke and Downton (2000 ) and 1950 (Chagnon 2003 .
Short-lived extreme events such as storms and tornadoes are difficult to predict and how the frequency of these events will change in the future is still subject to major uncertainties. However, a number of studies have suggested that heavy rainfall events over the U.S. will increase due to increasing water vapor in the atmosphere coupled with atmospheric destabilization (Easterling et al. 2000; Kunkel 2003b ). In fact, Trenberth (1999) argues that increases in heavy precipitation events should be a primary manifestation of climate change due to increased atmospheric moisture content. Possible adaptations to change include land use planning and forward-looking infrastructure design in order to avoid increased damages (Cohen and Miller 2001) .
As shown in Figure 4 , the frequency of heavy precipitation events in the Midwest is also projected to increase. Using the historical record to determine the threshold for defining a heavy precipitation event, HadCM3 heavy precipitation frequencies calculated from daily precipitation data for the A2/B2 scenarios were adjusted to match observed frequencies over the reference period . Daily precipitation projections for the period 2000-2099 were then analyzed to identify events that exceeded the model-calculated historical threshold, which had been calibrated to match observed frequencies. Based on this analysis, both 24-hr and Figure 4 . Analysis of historical observed and HadCM3 mid-range A2 (dark) and B2 (light) projections shows that both (a) 24-hour and (b) 7-day heavy precipitation events are becoming more frequent in the region. Frequency of historical events was determined by locating the 101 largest events from 1900 to 2000, such that the average was one event per year. In some years, this meant that were no events in certain areas while in other years there could be multiple events. The events were then averaged over the entire Midwest region and plotted according to the year in which they occurred. Frequency of future events was determined by counting the number of model-projected events based on model daily precipitation output that lay within the range of the 101 historical events previously located. The model event threshold was then normalized by the difference between modeled vs. observed historical event frequencies, and the number of future events exceeding the normalized threshold calculated. Bars show the yearly averages while the solid lines indicate the 10-year running mean. Results from two different climate scenarios show similar trends of frequencies remaining well above average for the next few decades and doubling by the end of the century.
7-day heavy rainfall events are projected to double (again) by the end of the next century. Coupled with model projections of little net change in annual average precipitation (although with shifting seasonal precipitation patterns), this suggests that more rain may fall in extreme events, leaving drier periods between the events and possibly increasing the risk of drought as well.
Increased heavy precipitation will increase the risk for flood damage, with Pielke and Downton (2000) finding that flood damage is most closely related the number of 2-day heavy rainfall events and the number of wet days. Additional support for the connection between climate change and flood frequencies is provided by Figure 5 . Virtual migration of Illinois and Michigan winters (left) and summers (right). Migration pathway was estimated by comparing current-day winter and summer climatologies throughout the U.S., in terms of average temperature and precipitation, with projected future conditions for IL and MI. Future seasonal average conditions were based on HadCM3 and PCM A2 (higher mid-range) temperature and precipitation projections for 2095 relative to 1961-1990 observed climate. palaeoflood records reconstructed from the Upper Mississippi and Lower Colorado River systems. These records show that small changes in climate -on the order of 1-2
• C and a 10-20% in precipitation, well within the project ranges in Table II -resulted in important changes in the magnitude and recurrence frequencies of extreme floods in the region (Knox and Kundzewicz 1997; Knox 1993) .
With heavy rainstorms, waterborne diseases will pose a higher risk to human health. Weather disaster effects will increase in number and magnitude, and both noninfectious and infectious diseases may flourish (Yoganathan 2001) . Waterborne disease outbreaks due to surface water contamination showed the strongest association with extreme precipitation during the month of the outbreak, while a 2-month lag applied to groundwater contamination events (Curriero et al. 2001 ).
MIGRATING CLIMATES
A helpful indicator of the projected climate effects is a spatial analogue which estimates where selected states will have 'moved' over the next century relative to current temperature and precipitation characteristics. Such analogues have previously been used to illustrate movement of agricultural areas such as the Corn Belt and the Canadian Prairies (Newman 1980; Parry and Carter 1989) , as well as the state of Illinois (NAST 2001). Figure 5 illustrates the virtual locations of Michigan and Illinois summers and winters in 2095, according to HadCM3 and PCM results based on the A2/B2 mid-range scenarios.
In terms of temperature and precipitation data, the change in winter climate over the next few decades is ambiguous. However, by 2095 a typical winter cli-mate in the state of Illinois can be expected to resemble current-day Oklahoma, while Michigan will have virtually moved to Ohio. In 2030, IL summers will also resemble those of Oklahoma or Arkansas in terms of average temperature and precipitation. However, by the end of the century the IL summer climate will be closer to that of east Texas. MI summer weather could be similar to that of Ohio in a few decades, while by the end of the century MI summers will resemble those of southern Missouri and northern Arkansas today. While highly illustrative, it is important to recognize that such analyses are limited to average conditions and do not consider the extent of variability in the projected climate changes, nor the differences in topographical features from state to state. For example, even if the climate of Michigan does become more like that of Arkansas, it will still be surrounded by the Great Lakes, recreational use of which may increase under a warmer climate. Conversely, if Illinois were to virtually move to NE Texas, it is unlikely that it would experience the severe weather patterns typical of that region, as these are determined largely by the geographical position of Texas in the North American continent. In addition, latitude-dependent conditions such as day length that affect plant development and species migrations would remain unchanged.
Summary
The Midwestern environment is already under pressure from expanding human development. Contributing to existing pressures is the possibility of climate change. Indeed, changes in climate have already been demonstrated over the past century through warmer winters, shorter ice-free seasons, longer growing seasons, and increases in heavy rainfall events. To succeed in their intended goal, it is essential for impact assessments to consider the full range of potential change in planning for the future. To this end, the intention of this analysis was to provide the impact assessment community with updated model projections based on the latest SRES emission scenarios from both low sensitivity (PCM) and mid/high sensitivity (HadCM3) GCMs for temperature, precipitation, and a number of other climaterelated variables for the Midwest region. In contrast to previous studies, which have generally only considered a mid-range scenario for future emissions, this study includes both low and high scenarios for climate change in order to account for uncertainties in how human activities may affect future climate. In addition, through consideration of the historical climate record for the Midwest, this study is able to much more effectively consider potential changes in the frequency of extreme events such as heavy rainfall and temperature threshold exceedances.
Combining these model projections for the Midwest with the historical observed climate record over the past century, we conclude that:
• By the end of the century, annual average daily maximum temperatures in the Midwest may have increased anywhere from 2-9
• C. This range depends not only on climate sensitivity, but also on the emissions trajectory followed.
While this range in projected temperature is similar to past studies based solely on the IS92a emissions scenario (NAST 2001) , this range now represents both differences in modeled climate sensitivity as well as the full extent of the SRES emission scenarios.
• In contrast to observed increases in winter temperatures over past decades, temperature increases by the end of the next century are projected to be larger for summer and smaller for winter.
• Precipitation is projected to increase by up to 30% in the winter, while summer precipitation may remain constant or decrease slightly. Results for winter confirm projections made by previous studies, while summer change is lower than previously thought (NAST 2001).
• Frost-free seasons have been lengthening over the last few decades, and are projected to continue to increase over the next century by as much as 4-8 weeks.
• Hydrological variables, including precipitation, evaporation, runoff and soil moisture, are expected to increase throughout the region in winter and spring, but decrease in summer.
• By 2090, the region may see 20 to 50 more days where temperature exceeds 32
• C than found under current climate conditions and 40 to 75 less days where temperature falls below freezing.
• The frequency of heavy precipitation events has already increased over the past century, and is projected to double by the end of the next century.
• Temperature and precipitation changes will strongly alter our regional climate.
For example, by 2090, an Illinois summer could be more like that currently in eastern Texas, while winters may be more like Oklahoma today. Although significant uncertainty still remains regarding the exact magnitude of the changes that may occur, it is likely that the Midwest climate over the next century will differ significantly from what we have been accustomed to over the past century. As such, the potential for change should not be taken lightly. In particular, the potential for climate change to interact with and strengthen existing stresses within the region must be seriously considered when making policy decisions that will affect the future environment, economy and welfare of the U.S. Midwest.
